In this work, a composite photocatalyst of TiO 2 supported on the slag-made calcium silicate (TiO 2 /SCS) was synthesized by employing a facile mixing process and using blast furnace slag as a low-cost and abundant precursor of SCS. The characterization results revealed that the open framework structure of SCS was covered by well-dispersed TiO 2 nanoparticle aggregates, indicating the close combination of titania and calcium silicate in the TiO 2 /SCS photocatalyst. Higher specific surface areas could be obtained for TiO 2 /PCS (PCS: pure calcium silicate) and TiO 2 /SCS composites, indicating their better adsorption capabilities than that of bare TiO 2 . The degradation of methylene blue (MB) by TiO 2 , TiO 2 /PCS and TiO 2 /SCS composites with different weight percentages of titania was carried out under UV-light irradiation to systematically investigate their photocatalytic activities, and the TiO 2 content of 60 wt% (TiO 2 -60/SCS) was found to be the best one to achieve the maximum rate of MB degradation, which may be due to the high specific surface area and good adsorption capacity of the composite photocatalysts. The degradation of methyl violet (MV) and methyl orange (MO) dyes indicated that the obtained photocatalysts can effectively adsorb cationic molecules (MB and MV) but have little absorption toward negatively charged molecules (MO), which play a key role in the subsequent photocatalytic degradation of dye pollutants.
Introduction
Blast furnace slag (BFS) is a major by-product generated from iron making industry. The annual discharge amounts of BFS are more than 24 million tons in Japan, over 100 million tons in China and 200 million tons in the world [1] . Its accumulation will not only occupy land, but also pollute the surrounding soil and water. Consequently, the recovery and utilization of BFS is an urgent issue worldwide. Currently, BFS is usually recycled as raw materials to produce concrete and cement [2] . However, the commercial value of these products is not so high. BFS contains a great amount of CaO, SiO 2 , Al 2 O 3 , MgO and also incorporates other kinds of metallic elements such as Fe, Ti and Mn [3] . Fully developing and utilizing these natural components in BFS is still an important task for the sustainable development of metallurgical industry. Recently, Gong et al. fabricated BFS/Ca(OH) 2 sorbents in the presence of hydrated lime and used it for flue gas desulfurization [4, 5] . Yamasaki et al. reported the synthesis of monolithic tobermorite from BFS for removal of heavy metal ions in water [6] .
Our team reported several novel recycling processes for BFS. For example, hydroxyapatite and zeolite composite could be obtained from BFS by treating with H 3 PO 4 and NaOH successively. The adsorption experiments indicated their great adsorption performance toward volatile organic compounds, fatty acid and proteins [7, 8] . A Ca-based layered double hydroxide compound was also synthesized from the leaching solution of acid-treated BFS, and the obtained layered compound can act as a solid base catalyst in several industrially important reactions [9, 10] . Apart from these, slag-made calcium silicate hydrate (SCS) was fabricated via a dissolution-coprecipitation method using HCl and NaOH, respectively, and the synthesized SCS was found to show good adsorption property for the removal of Cu 2+ and proteins diluted in water, demonstrating this material a promising adsorbent for water purification [11] . The above conversion processes enable us to fabricate various valuable functional materials from BFS. The catalysts and adsorbents obtained from BFS can be used for CO 2 fixation and water purification, thus decreasing the cost of material fabrication for the environmental remediation.
The combination of adsorbents and photocatalysts such as TiO 2 nanoparticles has attracted much attention for the enhanced catalytic performance of photocatalysts [12, 13] . For example, it is reported that nano-structured calcium silicate-TiO 2 composite materials exhibited high photocatalytic degradation efficiency of phenolphthalein [14] . However, the analytical reagents containing Ca 2+ or H 3 SiO 4 − ions used in the preparation of pure calcium silicate (PCS) are expensive for large-scale production, and the productive effect that calcium silicate offers on the catalytic activity has not been fully investigated. The diversification of BFS treatment implemented by the above conversion methods is helpful to solve waste management problems and decrease the environment stress caused by industrial development. Thus, in the present study, a composite photocatalyst of TiO 2 supported on the slag-made calcium silicate (TiO 2 /SCS) was newly synthesized using blast furnace slag as a low-cost and abundant precursor of SCS, and the structural characterization of the obtained composite photocatalysts was investigated by XRD, SEM, FT-IR and N 2 adsorption. To evaluate their adsorption and photocatalytic property, three kinds of dye solutions were employed in the photocatalytic degradation experiments by using TiO 2 /SCS composite photocatalysts with different TiO 2 mass contents, which were compared with TiO 2 /PCS composite analogues and pure TiO 2 photocatalyst.
Experimental

Materials
The (wt%) . Prior to the synthesis, the BFS was ball milled at 650 rpm and screened using a 45-m mesh to facilitate dissolution. Titania nanoparticles called ST-01 were purchased from Ishihara Sangyo Kaisha, Ltd., Japan. All the other reagents such as sodium metasilicate (Na 2 SiO 3 ·9H 2 O, >99%), calcium chloride (CaCl 2 ), hydrochloric acid (HCl) and sodium hydroxide (NaOH) of analytical grade were received from Wako Pure Chemical Ind. Ltd., Japan.
Synthesis of TiO 2 /SCS and TiO 2 /PCS photocatalysts
The synthesis of SCS and PCS was carried out according to the method reported previously [11] . For SCS preparation, 10.0 g of the ball-milled slag was dispersed into 200 mL of 3 M HCl aqueous solution with continuous stirring for 2 h. Then pH of the solution was adjusted to 11.0 ± 0.1 with a dropwise addition of 2 M NaOH aqueous solution. After stirring for 1 h at 100 • C, the reaction solution was aged in a Teflon container at the same temperature for another 18 h. Then the obtained product was collected by filtration, washed with a large amount of deionized water and dried at 100 • C overnight to yield SCS as a pale brown-colored powder. For PCS preparation, 0.1 mol of Na 2 SiO 3 ·9H 2 O and an equivalent mole of CaCl 2 were mixed in water. After adjusting the pH to 11.0 ± 0.1, the reaction solution was stirred at 100 • C for 2 h and then aged in a Teflon container at the same temperature for another 18 h. The PCS powder was obtained after filtering, washing with a copious amount of deionized water and drying at 100 • C overnight.
For TiO 2 /SCS preparation, the desired amount of SCS was mixed with a certain amount of ST-01 (TiO 2 ) in 20 mL of isopropanol with ultrasonic dispersing for 30 min and stirring for 2 h. The solvent was removed by rotary evaporation. Finally, the products were dried under vacuum and calcined at 400 • C for 6 h to give TiO 2 /SCS with different TiO 2 mass contents (i.e. TiO 2 -X/SCS, where X represents the TiO 2 mass ratio, as shown in Table 1 ). TiO 2 /PCS was also prepared with a similar procedure except that PCS was used instead of SCS.
Catalyst characterization
Powder X-ray diffraction (XRD) patterns were recorded using a Rigaku Ultima (IV) diffractometer with CuKa radiation ( = 1.54056 Å). Scans were performed at step size 0.02 • over 2 range of 10-70 • . The morphology of the particles was observed by field emission scanning electron microscopy (FE-SEM) in a HITACHI S-4800 field emission scanning electron microscope. Infrared spectra were recorded with a JASCO FTIR-6700 instrument in the spectral range 2000-400 cm −1 under vacuum with a resolution of 4 cm −1 using samples diluted with KBr. The N 2 adsorption measurements were performed by using a BELSORP-max system (MicrotracBEL Corp.) at −196 • C. The specific surface area was calculated by the BET (Brunauer-Emmett-Teller) method using adsorption data ranging from P/P 0 = 0.05 to 0.25. The pore size distributions were obtained from the adsorption branch of the nitrogen isotherms by the BJH (Barret-Joyner-Halenda) method. The -potential analysis was conducted on samples dispersed in distilled water using a Zetasizer nano ZS (Malvern).
Photocatalytic activity test
Photocatalytic degradation of methylene blue (MB) in water was performed at room temperature under UV-light irradiation to investigate the catalytic performance of photocatalysts. The corresponding apparatus for photocatalytic degradation is shown in . A 100 W high-pressure Hg lamp was used as the light source (intensity = 4500 W/cm 3 , = 360 nm). For all the degradation experiments in the presence of catalysts, the adding amount of catalyst was adjusted to be the same (20 mg) to fairly compare both adsorption and photocatalytic degradation percentages. In a typical test, 20 mg of photocatalyst was dispersed into 40 mL of MB solution (0.2 mM). The mixture was stirred in the dark for 60 min to allow adsorption of MB. The light source was set about 10 cm away from the liquid surface of the suspension. Then the mixture was irradiated under UV lamp to initiate the photocatalytic degradation of MB. During the reaction, at given time intervals (1 h), 2 mL of suspension was collected, filtered and 10-fold diluted with pure water, and then analyzed by a Shimadzu UV-2450 UV-vis spectrophotometer by reading the adsorption intensity at 664 nm for MB. Evolution of CO 2 was analyzed with a gas chromatograph equipped with a Porapack Q column, which was connected to a thermal conductivity detector (TCD).
The removal percentage () of MB can be calculated as follows:
where C o and C t are the MB concentrations at initial time and after reaction period of t (h) under UV-light irradiation, respectively. The similar experiments were carried out for 0.2 mM of methylene violet (MV, at 590 nm) and methyl orange (MO, at 464 nm) dyes to investigate the degradation activity under UV-light irradiation. To examine the catalyst reusability, the reaction suspension after the photocatalytic test was exposed under UV-light irradiation for a longer time, and the used catalyst was collected through centrifugation, washed by using ethanol for several times to ensure the removal of organic content and then subjected to next catalytic runs.
Results and discussion
Catalyst characterization
To characterize the crystalline structure of the samples, the XRD patterns of pure TiO 2 , PCS and TiO 2 -X/PCS with different TiO 2 contents (20%, 40%, 60% and 80%) were obtained as shown in Fig. 1a [18, 19] . The peak intensities of anatase phase become stronger as the mass ratio of TiO 2 in photocatalysts increases, while the opposite tendency is obtained for the diffraction peaks of calcium silicate. Similar results can be obtained for those of TiO 2 -X/SCS (Fig. 1b) .
The FE-SEM technique was used to investigate the morphology and microstructure of TiO 2 -60/PCS and TiO 2 -60/SCS powders, as shown in Fig. 2 . For comparison, pure titania particles, PCS and SCS were also observed. The calcined titania sample in Fig. 2a is consisted of roundish nanoparticles with the size of 30-50 nm. The PCS in Fig. 2b shows bulk structures with the diameter of several hundred nanometers. The SCS in Fig. 2c shows aggregated flacks with the size exceeding 100 nm. These flack aggregates have an open framework structure, indicating that SCS has a large surface area which might be useful for the adsorption of organic pollutants. The particle diameters of PCS and SCS are significantly larger than those of TiO 2 nanoparticles. For TiO 2 -60/PCS and TiO 2 -60/SCS, their surfaces are much coarser than those of PCS and SCS, indicating that PCS and SCS are covered by well-dispersed TiO 2 nanoparticle aggregates (Fig. 2d and Fig. 2e ). It is assumed that TiO 2 small nanoparticles are physically adsorbed onto the PCS and SCS via the Van der Waals forces among particles and the interaction between Ti-OH and Mi-OH (M = Ca, Si and Al etc.) species on the support surfaces [20] [21] [22] [23] .
A detailed analysis of the structure of photocatalysts was performed by infrared spectroscopy. Fig. 3 shows the FT-IR spectra of pure TiO 2 , PCS, SCS, TiO 2 -60/PCS and TiO 2 -60/SCS. All of the spectra show a weak peak at around 1644 cm −1 and a strong peak near 462 cm −1 , which can be attributed to the O H bending vibration of hydroxyls or molecular H 2 O and the deformation of TO 4 tetrahedra (T = Ti, Si, Al, Mg, etc.) [24, 25] . In the spectra of PCS, SCS, TiO 2 -60/PCS and TiO 2 -60/SCS, the absorption peak at 857 cm −1 and 1492 cm −1 can be attributed to carbonate species (CO 3 2− ) adsorbed on the Ca sites [26] . The intense band present near 1000 cm −1 belongs to the asymmetric stretching mode of Si O or Si O Si groups. In comparison with the peak of Si O stretching modes at 1025 cm −1 for the pure silica in previous report [27] , the corresponding peaks of PCS and SCS in Fig. 3 red-shift to 983 and 994 cm −1 respectively, owing to the formation of Si O Ca bonding [11] . The corresponding peaks are also shown in TiO 2 -60/PCS and TiO 2 -60/SCS at similar positions (990 and 1001 cm −1 , respectively), indicating that the Si O Ca networks in the calcium silicates have been preserved even after the TiO 2 deposition [28, 29] . The porous structure and BET surface areas of the photocatalysts were also investigated by nitrogen adsorption-desorption. Fig. 4 displays the nitrogen sorption isotherms for the pure TiO 2 , PCS, SCS, TiO 2 -X/PCS and TiO 2 -X/SCS samples. The nitrogen sorption isotherms for all of the photocatalysts are similar and display hysteresis loops at higher relative pressure region (P/P 0 > 0.8), indicating the presence of intra-and inter-crystalline mesoporosity, which can be categorized as type IV according to IUPAC classification [30, 31] . The isotherms of PCS, SCS, TiO 2 -X/PCS and TiO 2 -X/SCS exhibit H3 hysteresis loops associated with the presence of slit-like pores. However, the isotherm of pure TiO 2 exhibits H1 hysteresis loop which is the typical feature of cylinder-type mesopores [30, 31] . Table 1 show that all the TiO 2 -X/SCS and TiO 2 -X/PCS samples have larger specific surface areas than pure TiO 2 . This is because the combination with calcium silicates (SCS or PCS) has higher surface area than that of TiO 2 . It is reasonable to conclude that the BET specific surface area increases with increasing the amount of calcium silicate. The specific surface areas of SCS and TiO 2 -X/SCS are higher than those of PCS as well as the corresponding TiO 2 -X/PCS, respectively, indicating the slag-derived impurity elements have an ability to increase the porosity of calcium silicate [11] . In addition, the pore diameter and pore volumes derived from the nitrogen adsorption/desorption isotherms of the samples are also listed in Table 1 . The pore volume of all the samples ranges from 0.5 to 0.81 cm 3 /g, while the pore size centers at 1-3 nm except for the pure TiO 2 .
Photocatalytic degradation of MB by TiO 2 -X/SCS
The photocatalytic degradation of MB was performed under UV-light irradiation by using TiO 2 -X/SCS as photocatalysts to examine their photocatalytic activities. For comparison, SCS, PCS and pure TiO 2 were also tested. Fig. 5 shows the results of MB decomposition under UV-light irradiation in the presence of SCS, pure TiO 2 and TiO 2 -X/SCS photocatalysts. Before the photocatalysis, the adsorption performance of photocatalysts was investigated, because the adsorption serves as a key process in removing the dissolved organic pollutants. As shown in Fig. 5c , the adsorption property of SCS (28.4%) is much better than that of pure TiO 2 (14.0%). As expected, the results in Fig. 5a and c demonstrate that the adsorption efficiencies of MB decrease with the increase of TiO 2 mass contents in TiO 2 -X/SCS, following the order of TiO 2 -20/SCS (28.0%) > TiO 2 -40/SCS (24.2%) > TiO 2 -60/SCS (15.3%) > TiO 2 -80/SCS (14.2%). It is probably due to the large surface area of SCS and its effective adsorption of organic cations such as positively charged MB molecule [32] . To investigate the adsorption behavior between TiO 2 -X/SCS and MB molecules, the -potential measurements of TiO 2 -60/SCS is also carried out to provide a quantitative analysis of the surface charge. As a result, the negative-charged nature of the TiO 2 -60/SCS surface (−17.5 mV) is confirmed. This implies that the cationic MB molecules can be adsorbed easily onto the TiO 2 -X/SCS surface. Specifically, the weakly bonded Ca 2+ and other metal ions in SCS are released into the solution, leaving electronegative silicate network in SCS. As a result, the material surface becomes negatively charged and attracts cationic molecules [11] . In addition, the large surface area of SCS helps to increase the dispersion of TiO 2 nanoparticles onto the SCS support, which can efficiently reduce the particle aggregation and enhance the photon absorption of TiO 2 [33] [34] [35] . Under UV light irradiation, the removal of MB in Fig. 5d follows the order of TiO 2 -60/SCS (96.2%) > TiO 2 -40/SCS (93.2%) > TiO 2 -80/SCS (92.0%) > TiO 2 (85.1%) > TiO 2 -20/SCS (84.7%) > SCS (30.1%), which is different from the order of the adsorption. The adsorption and removal rate of TiO 2 -60/SCS are 1.3% and 11.1% higher than those of pure TiO 2 , respectively. For all the photocatalysts, the photocatalytic degradation of MB follows a pseudo first order rate law. The highest activity is achieved for TiO 2 -60/SCS with a rate constant of 0.61 h −1 , and the lowest rate constant of 0.31 h −1 is obtained for TiO 2 -20/SCS (Fig. 5b) . The degradation of MB was hardly observed in the absence of photocatalysts under UV-light irradiation. The removal of MB in the presence of TiO 2 -60/SCS or TiO 2 -60/PCS without light irradiation was also very limited (Fig. S2) . It indicates that the observed dye removal can be mainly attributed to the light-induced photocatalytic degradation by TiO 2 . Fig. S3 shows the amount of CO 2 evolved during the degradation of MB. The amount of CO 2 increased gradually with increasing UV-light irradiation time, indicating that the organic molecules were ultimately mineralized into CO 2 and water. In the presence of TiO 2 -60/SCS or TiO 2 -60/PCS, the CO 2 yield in the dark can be negligible, and only a little CO 2 was produced in the absence of catalysts under UV-light irradiation, proving that the formation of CO 2 is mainly due to the photocatalytic degradation of MB. The CO 2 yield during the photocatalytic degradation of MB under UV-light irradiation follows the order of TiO 2 -60/SCS > TiO 2 -60/PCS > TiO 2 , indicating the improved photocatalytic activity of TiO 2 -60/SCS and TiO 2 -60/PCS composites compared with that of unsupported TiO 2 . The concentration of MB in the presence of SCS shows very little change after 5 h UVlight irradiation, indicating a negligible photocatalytic activity of SCS (Fig. 5a) . For all the experiments of photocatalytic degradation, the addition amount of photocatalyst is unchanged (20 mg). Therefore, when the SCS content increases from 0% (0 mg) to 80% (16 mg), the TiO 2 amount in the photocatalyst will decrease from 100% (20 mg) to 20% (4 mg). In other words, the introduction of SCS into the prepared photocatalysts can improve the adsorption capability but weaken the photocatalytic activity of materials. As a result, the degradation activity of photocatalysts appears a maximum of 96.2% when the mass ratio of TiO 2 is 60%. Furthermore, four-recycle experiments demonstrate that TiO 2 -60/SCS maintains a high degradation efficiency of ca. 95% after four continuous recycles, suggesting the high photocatalytic stability of the synthesized composite photocatalysts (Fig. 6 ).
Photocatalytic degradation of MB by TiO 2 -X/PCS
The photocatalytic activity of TiO 2 -X/PCS was also investigated through MB degradation under UV-light irradiation. The degradation curves, kinetic parameters, adsorption and degradation efficiency are also summarized in Fig. 7a-d . The photocatalytic degradation rate of PCS is close to zero indicating a negligible photocatalytic activity of PCS. The adsorption capabilities of TiO 2 -X/PCS with different TiO 2 mass ratios remain constant (Fig. 7c) , probably because PCS (14.8%) has the equivalent adsorption performance to that of pure TiO 2 (14.0%). Compared with the photocatalytic activity of pure TiO 2 (85.1%), there is no obvious activity improvement for TiO 2 -40/PCS (85.9%), TiO 2 -60/PCS (87.8%) and TiO 2 -80/PCS (84.0%) after combining PCS with TiO 2 photocatalysts (Fig. 7d) . Moreover, the rate constants of photocatalytic degradation of TiO 2 -40/PCS (0.35 h −1 ), TiO 2 -60/PCS (0.37 h −1 ), TiO 2 -80/PCS (0.34 h −1 ) and pure TiO 2 (0.36 h −1 ) are also similar (Fig. 7b) . The photocatalytic activities of TiO 2 -60/SCS, TiO 2 -60/SCS and pure TiO 2 in the degradation of MV and MO dyes were also investigated (Fig. 8) . The initial concentration of dyes remains the same (0.2 mM) under all experimental condition. While dissolving in the aqueous solution, MV and MO dyes are positively and negatively charged, respectively (Insets of Fig. 8a and b) . In the case of MV degradation, TiO 2 -60/SCS (28.9%) shows a higher adsorption capacity and photocatalytic activity is a little higher than those of pure TiO 2 (24.9%, Fig. 8a ), which is similar to the case of MB degradation. It is mainly due to the effective adsorption of organic cations such as MB (inset of Fig. 7c ) and MV molecules in the presence of SCS adsorbent. Moreover, both adsorption amount and degradation rate of TiO 2 -60/SCS (28.9%, 1.34 h −1 ) are higher than those of TiO 2 -60/PCS (25.4%, 0.85 h −1 ), respectively. This may be due to the limited adsorption capability of PCS, which has less influence on the photocatalysis compared with that of TiO 2 -60/SCS photocatalyst. Compared with TiO 2 -60/PCS, TiO 2 -60/SCS can provide a higher adsorption capability and an improved photocatalytic activity. The improved adsorption performance of TiO 2 -60/SCS can be elucidated from the following two results: (i) the higher specific surface area of SCS (239 m 2 /g) than that of PCS (193 m 2 /g, Table 1 ); (ii) the more negative -potential of SCS (−17.5 mV) than that of PCS (−15.7 mV). These results indicate that SCS can be used as an effective support material for TiO 2 photocatalysts.
In the case of MO degradation, however, pure TiO 2 (0.96%), TiO 2 -60/PCS (1.16%) and TiO 2 -60/SCS (1.35%) show almost no adsorption of MO, indicating that neither TiO 2 nor calcium silicate (PCS or SCS) can adsorb negatively charged organic molecules. As a result, TiO 2 -60/PCS (60.3%) and TiO 2 -60/SCS (43.7%) show low photocatalytic activities, while pure TiO 2 (81.5%) has the best performance for MO degradation. The photocatalytic degradation rates constant decrease in the order of TiO 2 (0.31 h −1 ) > TiO 2 -60/PCS (0.18 h −1 ) > TiO 2 -60/SCS (0.11 h −1 ). These results indicate the important role of adsorption in the photocatalytic degradation. The adsorption step determines the speed of mass transportation in the photocatalytic process and has obvious influence on the subsequent photocatalytic degradation of organic pollutants. The interactions between photocatalysts and dyes in the solution depend not only on the specific surface area of photocatalysts, but also on the surface properties of catalysts such as -potential. The negative charges of SCS (−17.5 mV) and PCS (−15.7 mV) are also confirmed through -potential measurements. Therefore, both of them can act as good adsorbents for cationic dyes such as MB and MV. Compared with PCS, the increased surface negative charge of SCS is reflected in its higher adsorption ability of MB and MV. Oppositely, the electrostatic repulsion between the negatively-charged photocatalysts and anionic MO molecules hinders the adsorption of MO, which consequently results in the low degradation efficiency of MO.
Conclusions
The TiO 2 /SCS composite photocatalysts was fabricated by a simple mixing procedure of slag-made calcium silicate (SCS) and commercial TiO 2 powders and was compared with the TiO 2 analogue supported on pure calcium silicate (PCS). The characterization results of the prepared photocatalysts showed that TiO 2 nanoparticles were covered onto the aggregated flack structures of SCS/PCS to form the composite photocatalysts, which indicated the close combination of TiO 2 and calcium silicate supports. Among the catalysts prepared, the TiO 2 -60/SCS photocatalyst exhibited a higher photocatalytic activity than that of TiO 2 -60/PCS in the photocatalytic degradation of cationic dyes such as MB and MV in water, which is due to the higher specific surface area and more negative -potential of SCS compared with those of PCS. The comparative degradation studies using methyl violet (MV) and methyl orange (MO) dyes indicated that the obtained photocatalysts preferred the adsorption of organic cations and the subsequent degradation of cationic dye. As demonstrated in this work, BFS can be used as an economical precursor for the preparation of calcium silicate adsorbent which can replace PCS as the low-cost supporting material for TiO 2 photocatalysts. This study would provide a versatile and practical strategy to fabricate efficient and inexpensive photocatalysts in the application of water purification.
